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Abstract

Digital flight control systems are popular for
their flexibility, reliability, and power; however,
their use sometimes results in deficient handling
qualities, including pilot-induced oscillation
(PIO), which can require extensive redesign of the
control system. When redesign is not immediately
possible, temporary solutions, such as the PIO
suppression (PIOS) filter developed for the space
shuttle, have been proposed. To determine the
effectiveness of such PIOS filters on more conven-
tional, high-performance aircraft, three experi-
ments were performed using the NASA F-8 digital
fly-by-wire and USAF/Calspan NT-33 variable-
stability aircraft. Two types of PIOS filters were
evaluated, using high-gain, precision tasks (close
formation, probe-and-drogue refueling, and preci-
sion touch-and-go landing) with a time delay or a
first-order lag added to make the aircraft prone to
PIO., Various configurations of the PIOS filter
were evaluated in the flight programs, and most of
the PIOS filter configurations reduced the occur-
rence of PIOs and improved the handling qualities
of the PIO-prone aircraft. These experiments also
confirmed the influence of high-gain tasks and
excessive control system time delay in evoking
pilot-induced oscillations.

Nomenclature

CTF close-trail formation

DFBW digital fly-by-wire

Max maximum attenuation

PDR probe-and-drogue refueling

PIO Pilot-induced oscillation

PIOS pilot-induced oscillation suppressor

PTG precision touch-and-go

SAS stability augmentation system
Introduction

The use of digital flight control systems has
become common in recent years because they are
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reliable, maintainable, flexible, and make the
implementation of complex control laws possible.
There have been, however, a number of problems
associated with digital flight control systems.!s2
Typically, the effects of the more-complex control
laws have not been well understood. Even when con-
ventional control laws are implemented, unaccept-
able flying qualities may result from other system
deficiencies. For example, design and cost con-
Straints may produce inadequate control authority
or surface rate limiting. There are also certain
constraints intrinsic to digital flight control
systems, such as time delays associated with digi-
tal computation and the finite sample rates of
control states.,

The major problems associated with digital
flight control systems have been related to the
equivalent time delays introduced because of the
complex, higher-order nature of the dynamic system
the pilot must fly. Excessively large time delays
have been implicated3:4 as a cause of pilot-induced
oscillations (PIO). When deficient flying quali-
ties arise because of problems like these, the
ideal solution is to redesign the control system,
correcting these deficiencies. However, it is not
always possible to do so in a timely manner, in
part because of the extensive validation and veri-
fication process required for these control systems.
Thus the question arises, Are there temporary solu-
tions that will enable the aircraft to keep flying
while a permanent solution is implemented?

One such solution is the pilot-induced-
oscillation suppression filter (PIOS filter) that
was developed for the space shuttle. During the
approach and landing tests, the space shuttle demon-
strated a propensity for PIO in a precision land-
ing. This proneness to PIO has been attributed

to a number of factors,5 the most important being
excessive control system time delay. Because of
time constraints and the complexity of the control
system, it was not considered acceptable to rede-
sign the control system before continuing the
program. Instead, a PIOS filter was designed for
the space shuttle.5'6 Thege filters are adaptive,
nonlinear filters that reduce the pilot's control
authority when conditions signaling an incipient
PIO are evident. During testing with ground-based
and airborne simulators, the filter reduced the
incidence of PIO and reduced the severity of the
PIOs that did occur.

The success with the PIOS filter for the space
shuttle made it likely that such techniques could
be applied to other classes of aircraft, such as
high-performance fighters. Among the aircraft

identified's? as having flying qualities deficien-



cies caused by excessive time delays was the F-18,
which shows that the problem is not limited to
unconventional aircraft like the space shuttle. To
investigate the usefulness of PIOS filters for
fighter aircraft, three flight test programs were
conducted by NASA Ames Research Center's Dryden
Flight Research Facility. Two test aircraft, the
Ames /Dryden F-8 digital fly-by-wire (DFBW) aircraft
and the USAF/Calspan NT-33 aircraft, were used to
evaluate two types of PIOS filters. The results
for the NT-33 experiment are documented in

Ref. 7. This paper presents a description of the
three programs, a summary of the flight test
results, and a brief discussion of those results.

Flight Test Programs

Two types of PIOS filters were examined in three
flight test programs. The PIOS filter was imple-
mented in the control system of the test aircraft,
with an additional time delay or first-order lag
inserted to make PIO more likely, and a high-gain,
precision task was used to evaluate the effect of
the PIOS filter. For the precision task, the first
F-8 DFBW program used close-trail formation (CTF),
the second F-8 LFBW program used probe-and-drogue
refueling (PDR), and the NT-33 program used a pre-
cision touch-and-go landing (PTG).

Test Aircraft

The two aircraft used in these experiments
share certain characteristics: The dynamics of
both airframes are well known, and both control
systems are readily modifiable to include the PIOS
filter. The F-8 DFBW aircraft (Fig. 1) is a
single-seat aircraft with a digital flight control
system. The aircraft has fairly good handling
qualities, similiar to those of a standard F-8C
aircraft, in both augmented (stability augmentation
system or SAS) and unaugmented (DIRECT) control
modes. The aircraft has an input panel in the
cockpit so that the pilot can select predetermined
values of certain parameters of the flight control
system.

The NT-33 aircraft (Fig. 2) is a two-seat,
variable-stability aircraft with an analog-digital
hybrid control system. The flight control system
and variable-stability aircraft dynamics were cho-
sen to provide good, Level 1 handling qualities.
Various control system parameters can be selected
by the safety pilot in the rear seat.

Additional Time Delays

Neither the F-8 DFBW nor the NT-33 aircraft are
inherently prone to PIO. To evaluate the effects
of a PIOS filter, it was necessary to make the test
aircraft PIO prone. Because excessive time delays
had been implicated in the PIOs of interest, an
optional time delay was added to the aircraft
control system (Fig. 3). The additional time delay
implemented in the F-8 DFBW was a pure additional
time delay. However, to implement a time delay on
the NT-33 aircraft, two third-order analog filters
had to be added, to the pure time delay. Because
of these filters, the additional time delays for
this aircraft are equivalent time delays rather
than pure time delays. For the NT-33, an optional
first-order lag was also added to the control
system.

The additional time delays for the three
programs were selected at three levels: 1little or

no effect, moderate effect, and severe effect on

the handling qualities.3r4 The NT-33 first-order
lag was designed for use in the same manner as the
additional time delay, degrading the flying quali-
ties and making the aircraft more prone to PIO.
The values of the additional time delays and the
first-order lag are shown in Table 1, with the pre-
dicted effect of the additional element. These
values were implemented in the aircraft control
systems, and the effectiveness of the additional
time delays was assessed at the begjinning of each
of the experiments, before the PIOS filters were
evaluated.

PIOS Filters

The PIOS filters examined in these three
programs are adaptive, nonlinear filters (Fig. 4)
with little or no associated phase lag. They act
to reduce the pilot's available command to the
control surface in order to suppress a PIO or to
veduce its likelihood of occurrence in the presence
of deficient flying qualities. Ideally, complete
control authority is retained by the pilot unless
the pilot's control inputs approach those known to
induce oscillations through pilot-aircraft coupling.
In this event, the filtering algorithm reduces the
command gain to the control surface, minimizing the
resultant aircraft motion. Essentially, the filter
reduces the gain in the pilot-aircraft control loop,
circumventing flying qualities problems caused by
that loop.

One of the filters, filter A, uses the esti-
mated frequency of the pilot's control inputs,
derived from pitch-stick position, to determine the
onget of PIO, The other filter, filter B, uses the
rate of the pilot's control inputs to determine the
onset of PIO. Filter B is similar in behavior to
filter A; however, it is computationally more effi-
cient and has somewhat better transient response

than filter A.% 1In all the studies, the breakpoint
and slope of the filter gain schedule were varied
in flight. The breakpoint, or threshold, deter-
mines the input level at which the filter becomes
active, and the slope determines the rate of reduc-
tion of the gain, or attenuation. The ranges of
slopes and breakpoints used in the three experi-
ments are shown in Table 2, and the filter gain
schedules are illustrated in Fig. 4.

To select a breakpoint or slope value for the
F-8 DFBW, the evaluation pilot changed a setting on
the cockpit input panel; for the NT-33, the safety
pilot changed a setting on the panel in the rear
cockpit. Because the F-8 evaluation pilot was
aware of the settings on the cockpit input panel,
several measures were taken to ensure that this
knowledge did not contaminate the experiment. The
order of the additional time delays, slopes, and
breakpoints was randomized; the same additional
time delay was represented by two panel settings;
and the filters were rendered inactive for certain
settings. This last strategy was accomplished by
using a slope of 0, which produced no attenuation,
or a breakpoint of 1000, which moved the filter
activation threshold beyond the range of possible
pilot input activity.

Experimental Tasks

In order to reliably and repeatedly evoke PIOs,
high-gain precision tasks were selected for these
programs. For the NT-33 program, the task was a
precision touch-and-go landing (PTG) using the



markings at the approach end of the main runway at
Edwards Air Force Base (Fig. 5). The task began
when the aircraft was on the final approach to the
runway. Rather than lining up with the center line
of the runway as is normal, the pilot lined up off-
set to the center line. Two sizes of offset were
used: 75 ft and 150 ft. The direction of the off-
set, left or right, was left to the discretion of
the evaluation pilot. After the aircraft crossed
the threshold of the runway, the pilot attempted to
correct the offset, and touch down on the center
line between the designated pair of markings.

After the touchdown, the pilot took off again. If
the evaluation pilot felt that it was not safe to
try to touch down, the evaluation was terminated in
the approach. This task was selected for this
aircraft because of the presence of the safety
pilot.

Because the F-8 DFBW is a single-seat aircraft,
the tasks chosen for it were up-and-away tasks.
The first program used close-trail formation (CTF)
with an F-104 aircraft (Fig. 6), where the final
relative positions of the aircraft were determined
by the F-8 pilot using the F-8 canopy bow to
obscure the F-104 afterburner nozzle from his view.
This task began when the F-8 aircraft was in the
initial position, about 250 ft behind and 100 ft
below the F-104 aircraft. The evaluation pilot
then maneuvered the aircraft up and in, until in
the proper position, which was about 8 to 10 ft
behind and 8 to 10 ft below the F-104 aircraft.
The position was sustained for a short time, so
that the evaluation pilot could assess the flying
qualities in both the acquisition and formation
phases. The F~104 aircraft maintained straight-~
and-level flight. If the pilot felt that the
flying qualities were so deficient that close for-
mation would be dangerous, the evaluation was ter-
minated during acquisition.

The second F-8 DFBW program used probe-and-
drogue refueling (PDR) to assess the handling quali-
ties (Fig. 7). A dummy refueling probe with a stan-
dard U.S. Navy probe tip was mounted on the F-8
DFBW aircraft. The tanker aircraft was a U.S.

Navy A-6E with a buddy store, which contains the
refueling drogue. The PDR task began with the F-8
aircraft behind and to one side of the tanker. The
evaluation pilot then moved into the contact posi-
tion, putting the probe tip near the drogue. If
the evaluation pilot felt that the flying qualities
were acceptable, he attempted to engage the droque
with the probe tip, and then returned to the ini-
tial position.,

Data Collected

The data collected from all three experiments
were Cooper-Harper ratings, PIO ratings, and eval-
uation pilot comments. Pilot comment sheets were
used in the PDR and PTG experiments, and safety
pilot comments and Cooper-~Harper ratings were used
in the PTG study. The pilots also made comments at
postflight debriefings.

Pilots

Six pilots were involved in these three experi=~
ments — four from NASA Ames-Dryden and two from
Calspan. All were test pilots, and all had exper-
ience in handling qualities evaluation. The
pilots' roles are summarized in Table 3., The rank-
ings in that table reflect the relative number of

flights flown by each pilot. Because of constraints
on the availability of equipment and personnel,
pilot overlap between the PDR experiment and the
other experiments was not possible.

Experiment Protocol

Although the experiments varied, the basic pro-
tocol was the same for all three. At the beginning
of each flight, the pilot performed the task once
with the basic aircraft confiquration, without an
additional time delay or a PIOS filter, to estab-
lish a baseline for subsequent evaluations. The
evaluation of a particular aircraft configuration,
additional time delay, breakpoint, and slope was
begqun by setting the appropriate values on the cock-
pit control panel. Next the evaluation task was per-
formed. The evaluation pilot then assigned ratings
and made comments, which were taped for later ana-
lysis. The evaluation pilot also made comments
during the evaluation, if he wished. This proce-
dure was repeated for each of the test conditions
examined during the flight,

Test matrices were established for each experi-
ment, detailing the filter configurations and addi-
tional time delays to be evaluated. These matrices
included repeated evaluations of a given configura-
tion by the same pilot and repeated evaluations of
a given confiquration by different pilots. Because
testing every possible configuration would have
required unacceptably extensive flight testing, the
experiments were designed to be flexihle. Filter
configurations that appeared promising in their
first evaluations were examined more thoroughly,
while configurations that yielded less than desired
improvement in the handling qualities were elimi-
nated from further examination.

At the beginning of each program, the pilot was
familiarized with the aircraft and the task, addi-
tional time delays were evaluated, and the.baseline
flight control system modes were assessed., Two
baseline F-8 control modes, unaugmented (DIRECT)
and augmented (SAS), were assessed for the PDR
experiment.

Results

The flight test activity for these experiments
is summarized in Tables 4, 5, and 6. These tables
present the number of flights, configurations, and
evaluations flown by each pilot. The average
Cooper-Harper ratings are presented in Figs. 8 to 14,
In these figures, the symbol represents the arith-
metic average of the ratings, rounded to the near-
est half. The vertical bar indicates the range of
ratings, and the number beside the symbol is the
number of evaluations of the configuration.

Where the average Cooper-Harper ratings for
various configurations of the filter are plotted as
a function of the slope or the breakpoint of the
PIOS filter, the average Cooper-Harper rating for
the no~filter configuration is also plotted (solid
symbol). All no-filter configurations are averaged
and plotted together, whether or not the pilot knew
that there was no filter at the time of the eval-
uation.

The ratings for each additional time delay are
plotted as a function of the breakpoint for con-
stant slope or as a function of the slope for con-
stant breakpoint, so that the effect of varying



slope or breakpoint can be assessed. For the CTF
and PDR experiments, the value of the slope for no
filter is 0, and the value of the breakpoint for no
filter is 1000; therefore, these values were used
in plotting the ratings of the no-filter configura-
tions. For consistency, the no-filter configura-
tions of the PTG experiment are plotted in the same
way. The ratings shown were selected from the
complete set of data by two criteria: consistency
with the pilot comments, and the presence of multi-
ple evaluations of the configuration.

Even with the additional time delay and high-
gain task, PIOs were not encountered consistently.
The concept of PIO as a "cliff™ in the handling
qualities implies that the handling qualities are
good until they suddenly become bad as the pilot
"falls over the cliff.” The range of Cooper-Harper
ratings obtained in these experiments tends to con-
firm this characterization, with ratings ranging
from 4 to 10 for the same configuration. Because
of this variation in the ratings, it was felt that
a single evaluation provided insufficient infor-
mation with which to assess the handling qualities
of the configquration. Therefore, ratings were
plotted only when a filter configuration had been
evaluated more than once.

The CTF experiment

The CTF experiment consisted of 16 flights with
197 evaluations of 48 configurations. The flight
test activity for this experiment is summarized in
Table 4. Because the DIRECT mode with no time
delay produced acceptable performance, all sub-
sequent evaluations used DIRECT. Initially, addi-
tional time delays of 100 and 160 msec were eval-
uated. Because the pilots reported that 100 msec
yielded poor, PIO-prone handling qualities, this
value was used for most of the evaluations. How-
ever, as the pilots gained more experience in fly-
ing with this additional delay they reported that
the aircraft was no longer sufficiently prone to
PIO. In an attempt to overcome this learning
effect, additional delays of 160 and 200 msec were
evaluated and an additional delay of 160 msec was
determined to produce the required degree of prone-
ness to PIO.

The average Cooper-Harper ratings for the con-
figurations selected for analysis are presented in
Figs. 8, 9, and 10. 1In Fig. 8, the average
Cooper-Harper ratings for configurations without
filter are plotted as a function of total system
equivalent time delay, which is basic equivalent
system time delay plus additional time delay. The
predicted rating line in the plot is based on data
from Ref. 3. The F-8 DFBW has a basic equivalent

time delay between 100 and 130 msec.4/8 For this
plot, 120 msec was added to the additional time
delay, if any, to get the total system equivalent
time delay. The degradation of handling qualities
by the additional time delay agrees well with the
degradation predicted in Ref., 3.

Figures 9 and 10 present the average Cooper-
Harper ratings for various configqurations of filter
A and filter B, respectively, plotted as a function
of the slope or the breakpoint of the PIOS filter
for additional time delays of 100 and 160 msec.
These figures show the following:

1. Figure 9 shows that the average Cooper-
Harper ratings for all configurations of filter A

are better that the average Cooper-Harper ratings
for the no-filter configuration.

3. Fiqure 10 shows that for filter B the
average Cooper-~Harper ratings of the filter con-
figurations are better than those for the no-filter
configuration for both additional time delays.
However, for this filter, not all the ranges of the
Cooper-~Harper ratings are smaller than the ranges
for the no-filter configurations.

4. There is no clear trend with breakpoint and
slope.

In the post flight briefing, the evaluation
pilots made a number of comments about this experi=-
ment. In particular, they all commented that the
CTF task was, to some extent, not well defined
because the goal of obscuring the F-104 afterburner
nozzle with the F-8 canopy bow allowed some room
for inter-pretation. For example, they said that
when they were evaluating a configuration that had
exhibited degraded handling qualities in the
approach, they tended not to approach the F-104 as
closely as in other evaluations. The pilots
reported that this inconsistency affected their
evaluations and that they felt this task was not
entirely representative of normal piloting tasks.

The PDR experiment

The PDR experiment consisted of three flights
with 29 evaluations of 14 configurations, as sum-
marized in Table 5. The flying qualities were
first assessed in the DIRECT mode, but the pilot
rated them as unacceptable, even without any addi-
tional time delay. The SAS mode was found to pro=-
duce acceptable flying qualities for this task and
was used throughout the experiment. The additional
time delay of 140 msec was found to produce the
required PIO-proneness for this experiment. Fig. 11,
like Fig. 8, shows the average Cooper-Harper ratings
for configurations without a filter plotted as a
function of total system equivalent time delay.

The agreement between predicted and actual degrada-
tion is not as good as that of the previous experi-
ment.,

The results for filter A for the 140 msec addi-
tional time delay are presented in Fig. 12.
Because of the brevity of this experiment (it was
terminated after only three flights because of
constraints on equipment and personnel availability),
there were only two filter confiqurations with more
than one evaluation, and only one pilot participated
in the experiment. The results show that the aver-
age Cooper-Harper ratings were improved by this fil-
ter. For one configuration, however, the range of
the Cooper-Harper ratings is larger than that of the
no-filter configuration.

The pilot commented that he felt that this task
was a high-qain, precision task and was represent-

ative of normal piloting tasks.

The PTG experiment

The PTG experiment consisted of eight flights
with 40 evaluations of 27 configurations, as sum-
marized in Table 6. Figure 13, like Figs. 8 and
11, is a plot of the average Cooper-Harper ratings
for configurations with no filter. Again the pre-
dicted rating line is from Ref. 3; predicted and
actual degradation agree well — better than they



d4id for the other two experiments, Figure 14 pre-
sants the regsults for filter A for the 165-msec
additional equivalent time delay and the first-
order 2-rad/sec lag. The results shown in these
figqures are as follows:

1. For the 165-msec additional equivalent
time delay, the average Cooper-Harper ratings for
both filter configqurations evaluated are better
than the average rating of the no-filter con-
figuration, although the rating ranges are larger,

2. For the first-order lag, the average
Cooper-Harper ratings of the no-filter and filter
configurations are the same.

The pilots reported that this task was a well-
defined, high-gain task that was representative of
normal piloting tasks. They felt it provided a
high degree of repeatability, giving consistency to
their evaluations.

Conclusions

The following conclusions can be drawn from the
results of these three experiments:

1. Pilot-induced-oscillation suppression
(PIOS) filters can improve the handling qualities
of fighter aircraft that are prone to PIO because
of excessive time delay, and are therefore suitable
temporary solutions until the deficient control
system can be redesigned.

2. Because not every configuration of each
filter was evaluated, it is impossible to assert
that any "optimum" configuration was found.
Furthermore, the sparseness of the test matrices
makes it difficult to find trends in the results.
However, most, although not all, of the filter con-
figqurations evaluated in these experiments improved
the average Cooper-Harper ratings, or reduced the
ranges of the ratings, or both.

3. 1In all three programs the breakpoint of
the best filter was O, A breakpoint of 0 means
that there is no threshold for the filter, so the
filter is always active.

4. These filters do not appear to ameliorate
the deficiencies caused by the first-order lag exa-
mined in the precision touch-and-go landing experi-
ment, but the data are very limited.

In addition, these experiments provide infor-
mation about a number of the factors important in
any investigation into PIOs and other handling
qualities phenomena that are very task dependent.

1. The additional time delays used in the
experiments produced the desired PIO-proneness
required for the evaluations.

2. The high-gain, precision tasks used in
these experiments frequently produced PIO, as
desired. The close-trail formation task was not
as repeatable as other tasks, and the pilots felt
that the consistency of the evaluations for that
task suffered.

3., Even with greatly degraded handling quali-
ties and high-gain tasks, PIO did not always occur
in the evaluations of the no-filter configurations.
The "cliff" analogy of PIO is therefore appropriate;

it is this "cliff" nature of the phenomenon that
explains the apparent scatter of the ratings for
some of the configurations. The occurrence of PIO
is highly dependent on the task and, to some extent,
pilot technique.
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Ta

ble 1 Values of additional equivalent time delays and lag.

Predicted degradation

Experiment Time delay, First-order time of handling qualities
(aircraft) msec constant, rad/sec (from Refs. 3 and 4)
CTF (F-8) 20 -— None
100 —-——— Moderate
160 - Severe
200 —-—— Extreme
PDR (F-8) 20 -—— None
100 —— Moderate
140 —— Severe
PTG (NT-33) 115 -— Moderate
165 -——— Severe
205 —-— Extreme
-—— 2 Severe
Table 2 Values of breakpoints and slopes of the PIOS filters.
Filter A Filter B
Experiment
Breakpoint Slope Breakpoint Slope
CTF, PDR [} 0 0 0
0.04 1.7 2.0 0,025
0.08 3.3 5.0 0.050
0.20 8.3 15.0 0.125
1000.0 16.7 1000.0 0.250
PTG 0 1.0 2.0 0.075
0.05 1.7 5.0 0.250
0.20 2,0 10,0 = eeee—-
———— 3.3 ———— —m————
-———— 5.0 — ——————
-———— 10.0 —— ——————
Table 3 Pilots' roles in experiments.
Pilot CTF PDR PTG
NASA 1 Primary = = —e—=wee m————eeae
NASA 2 Secondary ——————— Secondary
NASA 3 Tertiary  ~  —---——- Primary
NASA 4 = wmmmmmee- Primary = = =  ee-ee----
Calspan 1 ———wmemee emee—e- Tertiary/safety
Calspan 2 = =====---- - mm - Safety




Table 4 Summary of flight activity for CTF experiment.

Pilot
Totals
NASA 1 NASA 2 NASA 3

Number of flights 9 S 2 16
No filter —

Configurations 4 4 3 4

Evaluations 40 19 8 67
Filter A —

Configurations 24 19 8 25

Evaluations 40 30 8 78
Filter B —

Confiqurations 19 4 8 19

Evaluations 31 1 8 50
Total —

Configurations 47 27 19 48

Evaluations 12 61 24 197

Table 5 Summary of flight
activity for CTF experiment.

apilot,
NASA 4
Number of flights 3
No filter —
Configqurations 4
Evaluations 14
Filter A —
Configurations 5
Evaluations 9
Filter B —
Configurations 5
Evaluations 6
Total —
Configurations 14
Evaluations 29

2All PDR flights were piloted
by NASA 4.



Table 6 Summary of flight activity for PTG experiment.

Pilot
NASA 3 NASA 4 Calspan 1 Totals

Number of flights 4 3 1 8
No filter —

Configurations 6 4 2 6

Evaluations 6 4 2 12
Filter A —

Configurations 9 8 8 16

Evaluations 11 9 9 23
Filter B —

Configurations 3 2 0 5

Evaluations 3 2 0 5
Total —

Configurations 18 14 5 27

Evaluations 20 15 5 40
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Fig. 1 F-8 DFBW aircraft.

Fig. 2 NT-33 aircraft.
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Fig. 6 Relative positions of F~8 and F-104
aircraft in the CTF task. (not to scale.)

Fig. 7 F=-8 DFBW aircraft and A-6E tanker aircraft
(with Drogue extended) in PDR task.
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